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14.  ABSTRACT 

Due  to  their  unique  plasmonic  and  optical  properties,  gold  nanorods  (GNR)  have  shown  tremendous  potential  for  nano-based  applications  extending  into  a  variety  of 
fields  including  bio-imaging,  sensor  development,  electronics,  and  cancer  therapy.  These  distinctive,  shape-specific  properties  are  strongly  dependent  upon  the  GNR 
aspect  ratio,  thus  producing  the  ability  to  be  targeted  for  an  application  by  fine-tuning  their  physical  parameters.  It  is  owing  to  their  characteristic  spectral  signature, 
which  is  vastly  different  from  that  of  a  cellular  setting,  that  GNRs  are  emerging  as  an  ideal  candidate  for  nano -based  imaging  applications.  However,  one  challenge 
that  has  emerged  in  the  field  of  bio-imaging  is  the  need  to  account  for  the  observed  plasmon  coupling  effect  that  arises  from  GNR  agglomeration  in  a  physiological 
environment.  In  this  study,  GNRs  with  aspect  ratios  of  2.5  and  6.0  were  actively  identified  in  an  in  vitro  setting  through  a  hyperspectral  imaging  (HSI)  analysis; 
which  successfully  recognized  and  separated  the  light  scattering  pattern  of  these  particles  from  that  of  the  surrounding  cells.  Through  inclusion  of  agglomerated 
GNR  spectral  patterns  in  the  HSI  spectral  library,  this  imaging  technique  was  able  to  overcome  the  complication  of  plasmon  coupling,  though  to  varying  degrees. 
These  results  demonstrate  the  tremendous  potential  of  GNRs  coupled  with  HSI  analysis  to  advance  the  field  of  nano -based  sensing  and  imaging  mechanisms. 
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1.0  INTRODUCTION 


Currently,  gold  nanorods  (GNRs)  are  being  widely  researched  for  utilization  in  consumer, 
military,  and  medical  based  applications,  including  bioimaging,  catalysis,  sensor  development, 
and  photothermal  therapy  [1-3].  What  makes  GNRs  particularly  attractive  for  these  nano-based 
mechanisms  are  their  general  biocompatibility,  unique  plasmonic  properties,  and  spectral 
signature  spanning  both  the  visible  and  near  infrared  (NIR)  regions  [4,5].  In  particular,  the 
distinct  optical  properties  associated  with  GNRs  are  advantageous  for  imaging  and  sensing 
applications  [6,7]. 

Owing  to  their  plasmonic  properties,  GNRs  scatter  light  at  the  same  frequency  with  which  it 
absorbs.  This  is  an  extremely  useful  tool  for  the  prediction  and  implementation  of  particle  light 
scattering  as  an  actuator.  This  plasmon  resonance  is  generated  by  photon  activation  of  electrons 
on  the  nanoparticle  surface  inducing  a  uniform  oscillation  [8,9].  A  hallmark  of  GNR  optical 
properties  is  that  they  exhibit  two  surface  plasmon  resonance  peaks;  the  transverse  and  the 
longitudinal  corresponding  to  the  radial  and  length  dimensions,  respectively  [10].  Another 
advantage  of  GNRs  is  that  their  distinct  optical  properties  are  tunable,  with  the  longitudinal  peak 
shifting  further  into  the  NIR  spectrum  with  increasing  aspect  ratio  (AR)  [11,12].  However,  when 
GNRs  are  in  close  proximity  to  one  another,  a  plasmon  coupling  effect  occurs  which  can 
influence  the  dependent  spectral  properties  of  the  particles,  adding  a  layer  of  complexity  to  their 
identification  in  a  cellular  environment  [13].  Therefore  to  successfully  implement  GNRs  into 
sensing  and  imaging  applications,  it  is  critical  to  evaluate  and  account  for  this  environment- 
dependent  modification  of  their  spectral  signatures. 

One  technique  that  has  recently  emerged  to  track  and  identify  materials  or  objects  through  their 
light  scattering  spectra  is  Hyperspectral  imaging  (HSI).  HSI  analysis  combines  the  use  of  high 
resolution  microscopy  and  real  time  spectroscopy  for  the  precise  measurement  of  a  spectral 
profile  at  individual  pixels  within  a  micrograph.  Using  darkfield  microscopy,  an  HSI  system  has 
the  ability  to  record  and  track  the  spectrum  of  metallic  nanoparticles  [14-16],  The  HSI  system 
reads  the  spectra  of  an  object  of  interest  and  stores  that  information  into  a  library.  Once  an 
image  is  taken,  an  area  is  scanned  and  cross-referenced  through  the  collected  library  to  generate 
a  match.  If  an  identical  spectral  profile  is  found,  the  HSI  system  then  actively  classifies  and  tags 
that  pixel.  Therefore  while  traditional  techniques,  such  as  dark  field  imaging,  can  capture  GNR 
location,  HSI  is  also  able  to  separate  and  identify  these  particles  from  their  surroundings. 

Even  though  HSI  technology  is  in  its  infancy,  it  has  demonstrated  tremendous  potential  to 
enhance  the  areas  of  nanoparticle  scanning,  imaging,  and  sensing.  One  area  under  current 
investigation  is  the  employment  of  HSI  as  a  technique  for  characterizing  metallic  nanoparticle 
agglomeration  patterns  and  identification  of  intracellular  particle  fate  [17-19].  As  the  light 
absorbance  of  tissue  is  dramatically  different  from  that  of  a  plasmonic  particle  [20],  HSI  offers  a 
unique  mechanism  for  the  in  vitro  identification  and  tracking  of  target  nanoparticles  following 
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introduction  into  a  biological  system.  We  sought  to  further  explore  the  capabilities  of  the  HSI 
system  by  testing  if  it  could  actively  identify  GNRs,  which  due  to  their  dual  surface  plasmon 
resonance  peaks  are  more  complex  particles.  As  such,  the  goal  of  this  study  was  to  selectively 
and  efficiently  detect  GNRs  within  an  in  vitro  model  through  an  HSI  analysis.  As  the  spectral 
signature  of  GNRs  is  highly  dependent  upon  AR,  this  investigation  included  both  shorter  (AR 
2.5)  and  longer  (AR  6.0)  nanorods  to  validate  this  method  of  GNR  identification.  Even  with  a 
spectral  shift  caused  by  biological  media,  our  results  demonstrated  successful  recognition  of  both 
GNR  sets  and  identified  that  the  transverse  peak  may  be  optimal  for  GNR  sensing  applications. 
Furthermore,  this  study  demonstrated  the  capability  and  plausibility  of  this  advanced  imaging 
technology  for  future  utilization. 


2.0  EXPERIMENTAL  SECTION 


2.1  GNR  Synthesis  Materials 

The  cetyltrimethlyammonium  bromide  (CTAB-98%)  was  obtained  from  GFS  chemicals  (Powell, 
OH,  USA).  The  chloroauric  acid  (99.9%),  ascorbic  acid  (99.5%),  silver  nitrate  (99.9%),  sodium 
borohydride  (99.9%),  and  tannic  acid  (98%)  were  purchased  from  Sigma  Aldrich  (St.Louis,  MO, 
USA).  The  benzyldimethylammonium  chloride  (BDAC-98%)  was  obtained  from  TSI 
Incorporated  (Shoreview,  MN,  USA).  It  is  important  to  note  the  source  of  the  chemicals  can  have 
a  significant  effect  on  the  synthesis  and  functionalization  process.  Furthermore,  high  grade 
reagents  are  critical  for  the  reproducible  and  uniform  synthesis  of  GNRs. 


2.2  GNR  Synthesis  Procedure  and  Characterization 

The  GNRs  were  synthesized  using  a  dual  surfactant-wet  chemistry  based  process  with  CTAB 
and  BDAC  as  previously  demonstrated  [21,22],  Briefly,  this  optimized  procedure  utilized  a  seed 
solution  (0.1M  CTAB  and  0.1M  chloroauric  acid)  and  a  growth  solution  (0.1  M  CTAB,  0.1  M 
silver  nitrate,  0.1  M  chloroauric  acid,  and  BDAC).  The  gold  salt  in  the  seed  solution  was 
reduced  by  the  addition  of  ice  cold  sodium  borohydride  (0.1M)  and  rapidly  stirred  at  room 
temperature  for  five  minutes.  To  tune  the  GNR  aspect  ratio,  different  concentrations  of  BDAC 
were  used  in  the  growth  solution  (0-0.15  M).  To  the  growth  solution,  0.1  M  ascorbic  acid  and 
the  five  minute  old  seed  solution  was  added  and  stirred  at  room  temperature  for  24  hours  to 
ensure  complete  reaction.  The  GNRs  were  then  purified  through  a  combination  of  centrifugation 
and  depletion-induced  separation  and  functionalized  with  tannic  acid  to  reduce  cytotoxicity  and 
promote  cellular  uptake  [23].  To  verify  successful  coating  with  tannic  acid  and  removal  of  the 
particle-bound  CTAB,  a  surface  charge  analysis  was  performed  on  a  Malvern  Zetasizer 
(Worcestershire,  UK).  To  confirm  particle  morphology  and  size,  transmission  electron 
microscopy  (TEM)  imaging  was  completed  on  a  Hitachi  H-7600  (Tokyo,  Japan).  Actual  size 
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measurements  of  the  gold  nanorods  were  performed  using  ImageJ  (National  Institute  of  Health; 
Bethesda,  MD,  USA)  software,  and  included  the  counting  of  over  100  particles  per  aspect  ratio. 
To  visualize  the  unique  optical  properties  of  the  synthesized  GNRs,  UV-VIS  analysis  was  carried 
out  using  a  Varian  Cary  3000X  (Palo  Alto,  CA,  USA). 

2.3  Cell  Culture 

The  human  lung  epithelial  cell  line,  A549,  was  utilized  in  this  study  and  purchased  from  ATCC 
(Manassas,  VA,  USA).  The  cells  were  maintained  in  RPMI  1640  media  supplemented  with  10% 
fetal  bovine  (ATCC)  serum  and  1%  penicillin/streptomycin  (ATCC)  and  incubated  at  37  °C  and 
5%  carbon  dioxide.  Prior  to  experimentation,  cells  were  sub-cultured  in  10  cm  petri  dishes  and 
grown  to  80%  confluence. 

2.4  GNR  and  Cell  Preparation  for  Hyperspectral  Imaging 

For  HSI  spectral  analysis  of  GNRs  alone  in  media,  the  particles  were  diluted  to  a  concentration 
of  50  pg/ml  and  mixed  well.  Next,  20  pi  was  placed  onto  a  silanized  microscope  slide  and 
incubated  for  10  seconds  at  room  temperature  to  allow  for  attachment.  The  excess  solution  was 
then  removed  and  the  slides  were  sealed  for  imaging  and  spectral  analysis. 

For  cell  preparation,  A549  cells  were  seeded  at  a  concentration  of  2xl05  cells  per  chambered 
microscope  slide  (Fisher  Scientific;  Pittsburgh,  PA,  USA)  and  incubated  at  37°C.  The  following 
day,  the  cells  were  then  dosed  with  15  pg/ml  GNRs  and  returned  to  the  incubator  for  an 
additional  24  hours.  The  GNR  exposed  cells  were  then  washed  to  remove  unbound  GNRs  and 
fixed  with  4%  paraformaldehyde.  The  chambered  walls  were  then  removed  and  20  pi  of  culture 
media  was  added  to  the  slide,  and  the  slide  was  sealed  for  imaging. 


2.5  Hyperspectral  Imaging  (HSI)  System 

The  HSI  system  employed  in  this  study  was  a  CytoViva  system  that  combines  an  ultra  high 
power  fluorescence  microscope,  with  a  darkfield  condenser,  visible  near  infrared  (VNIR)  real¬ 
time  hyperspectral  imager,  imaging  camera,  and  an  integrated  software  analysis  system.  This 
system  allowed  for  the  overlay  of  darkfield  and  fluorescent  images  using  a  combination  of 
halogen  and  mercury  light  sources.  The  HSI  images  and  resultant  spectral  data  were  collected 
and  analyzed  using  ENVI  software  (Exelis  Visual  Information  Systems,  Boulder,  CO). 


3 


Distribution  A:  Approved  for  public  release;  distribution  unlimited.  Case  File  NO.  AFRL-RH-WP-TR-2013-0009;  PA  NO.  TSRL-PA-13-0065 


3.0  RESULTS  AND  DISCUSSION 


3.1  GNR  Characterization  and  Optical  Properties 

To  evaluate  the  potential  of  particle  tracking  in  vitro ,  GNRs  with  aspect  ratios  (AR)  of  2.5  and 
6.0  were  synthesized  for  this  study.  These  GNRs  were  then  functionalized  with  tannic  acid, 
which  was  specifically  chosen  to  improve  the  degree  of  cellular  uptake.  For  this  analysis  having 
a  higher  internalized  concentration  of  GNRs  was  advantageous  as  the  purpose  was  to  track  and 
identify  intracellular  nanomaterials.  Following  purification,  the  GNRs  were  visualized  with 
TEM  to  verify  rod-shaped  morphology  and  evaluate  size  uniformity  (Fig.  1).  Through 
quantitative  measuring  and  analysis  it  was  determined  that  GNR  AR  2.5  and  6.0  have  actual 
aspect  ratios  of  2.55  +  0.27  and  6.02  ±  0.55,  respectively. 


Fig.  1  TEM  Images  of  Synthesized  Gold  Nanorods.  Representative  TEM  images  of  tannic 
acid  functionalized  GNRs  of  (a)  AR  2.5  and  (b)  AR  6.0  were  used  to  verify  particle  morphology 

and  size  distribution. 
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The  dependence  of  nanorod  optical  properties  on  AR  is  well  defined;  with  the  longitudinal  peak 
known  to  shift  further  into  the  NIR  spectrum  with  increasing  AR  [24],  The  two  GNRs  employed 
in  this  investigation  were  purposely  selected  due  to  their  unique  spectral  signatures,  as  a 
substantial  difference  in  their  longitudinal  wavelengths  was  anticipated.  To  verify,  UV-VIS 
analysis  was  performed  (Fig.  2a)  and  it  was  found  that  the  resonance  peak  of  the  longitudinal 
band  appeared  at  655  nm  for  AR  2.5  and  1019  for  AR  6.0,  a  separation  of  364  nm.  With  the 
presence  of  two  plasmonic  peaks,  the  question  also  arose  if  utilizing  the  transverse  or  the 
longitudinal  peak  would  be  optimal  for  emerging  HSI  technology.  As  the  HSI  camera  is  only 
capable  of  accurately  sensing  between  approximately  500  and  700  nm  (Fig.  2b),  it  facilitated  this 
investigative  question  through  a  forced  selectivity.  For  AR  6.0  the  longitudinal  peak  is  located  at 
1019  nm,  well  out  of  the  camera  sensitivity.  As  such,  the  transverse  peak  (X=525nm)  was  the 
targeted  spectral  range  for  this  GNR  set.  The  longitudinal  peak  of  AR  2.5  occurs  at  655  nm,  well 
within  the  HSI  camera  specifications,  permitted  for  targeting  of  its  longitudinal  plasmonic  band. 
Therefore,  this  set-up  simultaneously  allowed  for  the  evaluation  of  two  different  GNR  sets  with 
ARs  2.5  and  6.0  being  detected  through  their  longitudinal  and  transverse  peaks,  respectively. 


Wavelength  (nm) 


Wavelength  (nm) 


Fig.  2  Spectral  Profiles  of  Gold  Nanorods  and  HSI  Sensing  Capabilities,  a  UV-VIS  analysis 
was  performed  to  identify  the  spectral  signature  of  the  GNR  sets,  b  The  detection  camera 
associated  with  the  HSI  system  displays  a  finite  sensing  capabilities,  which  limits  sensing  in  part 

of  the  NIR  range. 
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3.2  GNR  Agglomeration  Tendencies  in  Culture  Media 


It  has  been  previously  established  that  when  dispersed  in  cell  culture  media,  the  ionic  strength, 
refractive  index,  and  protein  concentration  directly  impacts  the  optical  properties,  agglomeration 
state,  and  stability  of  nanomaterials  [24,  25].  Generally,  as  growth  media  has  an  increased  ionic 
strength  over  water,  it  induces  significant  particle  aggregation  following  dispersion.  As  a  result, 
increased  plasmon  coupling  occurs  leading  to  a  disruption  in  the  spectral  signature;  all  occurring 
from  an  alteration  of  fluid  composition.  Therefore  it  is  crucial  to  indentify  to  what  degree  the 
GNRs  agglomerated  in  culture  media  and  obtain  a  series  of  spectral  profiles  to  input  into  the  HSI 
system  for  recognition.  To  accomplish  this  task,  GNRs  were  exposed  to  cellular  growth  media 
and  the  extent  of  GNR  aggregation  was  visualized  using  darkfield  microscopy  (Fig.  3).  As 
expected,  the  presence  of  large  GNR  agglomerates  was  easily  identified  for  both  ARs,  though  the 
presence  of  some  individual  particles  was  also  observed.  This  considerable  modification  to  GNR 
distribution  suggests  a  high  potential  for  the  occurrence  of  a  plasmon  shift  brought  on  by  particle 
agglomeration  in  vitro. 


Fig.  3  Gold  Nanorod  Agglomeration  Patterns  Assessed  through  Darkfield  Imaging.  High 
resolution,  darkfield  microscopy  images  were  taken  to  qualitatively  evaluate  the  extent  of  GNR 
agglomeration  of  (a)  AR  2.5  and  (b)  AR  6.0.  The  spectral  signatures  of  these  particles  were 
collected  and  included  in  the  spectral  library  of  the  HSI  system  for  later  identification. 
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To  validate  this  hypothesis,  from  this  darkfield  analysis  spectral  data  was  collected  for  both 
individual  particles  and  agglomerates  for  comparison  and  GNR  tracking  purposes.  The  reason 
for  this  is  that  any  noted  shift  in  the  GNR  spectral  signature  needs  to  be  accounted  for  to 
successfully  aid  in  the  identification  of  GNRs  internalized  by  the  A549  cells.  A  number  of 
representative  spectral  profiles  were  obtained  and  are  shown  in  Figure  4  for  AR  2.5  (  Fig.  4a) 
and  AR  6.0  (Fig.  4b).  These  spectral  plots  are  a  collection  of  representative  light  scattering 
readings  taken  from  the  GNRs;  plotted  on  an  arbitrary  y-axis  so  they  could  be  vertically  spaced 
to  show  multiple  readings  simultaneously.  For  AR  2.5,  as  expected,  two  peaks  are  clearly  visible 
which  are  indicative  of  both  the  transverse  and  longitudinal  nanorod  dimensions,  as  previously 
seen  with  the  UV-VIS  data.  However,  when  directly  compared  to  the  UV-VIS  result,  a  clear 
alteration  in  the  spectra  was  detected  with  a  noticeable  shift  to  the  left.  This  modification  is 
easily  explained  by  the  extensive  GNR  agglomeration  detected  in  the  darkfield  imaging,  which 
changes  the  way  that  light  photons  perceive  the  particles.  When  examining  AR  6.0  GNRs,  even 
though  extensive  agglomeration  was  visible,  only  a  minimal  shift  in  the  spectra  was  detected; 
approximately  5  nm  from  525  to  520  nm.  This  is  due  to  the  fact  that  the  longitudinal  peak  lies 
outside  the  measurable  range  of  the  HSI  system,  and  therefore  the  transverse  peak  was  used  for 
detection.  It  has  been  previously  seen,  that  the  transverse  spectral  peak  is  not  as  susceptible  to 
aggregation-induced  shifts  as  the  longitudinal  peak  [26,27],  and  that  trend  was  verified  in  this 
study. 
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Fig.  4  Gold  Nanorod  Spectral  Plots.  Representative  spectral  plots  (arbitrary  units)  obtained 
from  tannic  acid  functionalized  GNRs  of  (a)  AR  2.5  and  (b)  AR  6.0  following  dispersion  in 
growth  media.  Numerous  light  scattering  profiles  are  shown  on  each  figure  section  for 
comparison  with  the  vertical  lines  placed  to  aid  in  evaluating  plasmon  band  shifts. 


3.3  Employment  of  HSI  Technology  for  GNR  Identification 

Next,  using  this  collected  GNR  spectral  data,  the  HSI  system  was  employed  to  locate  either  AR 
2.5  or  AR  6.0  in  A549  cells,  a  human  lung  epithelial  line.  As  shown  in  Figure  5,  both  sets  of 
GNRs  were  successfully  identified  in  vitro  through  their  spectral  signature  alone.  The  HSI 
system  uses  a  red  tag  as  a  means  of  marking  identified  particles,  as  shown  in  the  zoomed  in 
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images  (Figs.  5b  and  5d).  This  was  accomplished  by  cross-referencing  the  previously  obtained 
spectral  signature  of  the  GNRs  (Fig.  4)  with  the  scanned  profiles  of  the  GNR  dosed  A549  cells, 
and  highlighting  the  matches.  While  both  particles  were  effectively  recognized  with  the  cell 
system,  the  efficiency  of  this  process  was  varied  between  the  two  samples. 


Fig.  5  In  Vitro  Identification  of  Gold  Nanorods,  a  Darkfield  images  of  A549  cells  dosed  with 
AR  2.5  GNRs.  b  Successful  2.5  AR  GNR  identification  following  HSI  analysis  as  indicated 
with  pixilation  and  arrows,  c  Darkfield  images  of  A549  cells  and  AR  6.0  GNRs.  d  In  vitro  AR 
6.0  identification  as  indicated  with  pixilation  and  arrows.  Sections  b  and  d  are  the  areas  located 

with  the  squares  of  images  a  and  c,  respectively. 

The  main  difference  seen  was  that  AR  2.5  was  primarily  identified  in  large  agglomerates,  while 
AR  6.0  was  tagged  as  both  agglomerates  and  individual  particles.  We  believe  that  this  is  due  to 
the  use  of  the  longitudinal  peak  of  AR  2.5  GNRs  with  HSI  system,  which  was  shown  to  contain  a 
significant  plasmon  coupling  effect  in  media.  While  numerous  spectral  profiles  were  used  for 
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this  identification  process,  it  is  extremely  difficult  to  predict  the  spectral  shift  of  GNRs  resulting 
from  plasmon  coupling  during  agglomeration.  On  the  contrary,  with  AR  6.0  a  higher  selectivity 
of  individual  particles  in  vitro  was  observed.  The  cause  for  this  increased  effectiveness  is  that 
for  AR  6.0  the  transverse  resonance  peak  was  used  for  sensing,  which  demonstrated  a  minimal 
spectral  shift.  As  the  spectral  profiles  displayed  a  more  uniform  appearance,  it  was  considerably 
easier  for  the  HSI  system  to  align  captured  spectral  profiles  to  that  of  an  individual  GNR  particle 
as  well  as  agglomerates. 


4.0  CONCLUSIONS 

Gold  nanorods  of  two  different  aspect  ratios  (2.5  and  6.0)  were  successfully  identified  in  vitro 
using  a  hyperspectral  imaging  system  through  their  unique  optical  signatures  (Figure  6).  The 
observed  shift  in  the  GNR  dependent  spectral  properties  was  due  to  plasmon  coupling  between 
particles  following  their  aggregation,  and  was  dependent  on  whether  the  transverse  or 
longitudinal  resonance  peak  was  utilized  for  recognition.  This  study  verified  that  the  shift  in 
longitudinal  peaks  was  significantly  greater  than  the  transverse  peaks,  indicating  that  the 
transverse  peak  may  be  optimal  for  sensing  applications.  As  such,  it  may  be  expedient  to 
implement  the  utilization  of  transverse  wavelengths  for  nano-based  sensing  or  imaging 
application  utilizing  GNRs.  Furthermore,  we  successfully  demonstrated  that  the  employment  of 
HSI  as  a  feasible  technique  for  the  tracking  and  identification  of  nanomaterials  in  an  in  vitro 
environment.  This  study  also  demonstrated  that  HSI  technology  is  capable  of  overcoming  the 
complication  of  plasmon  coupling  effects  frequently  seen  with  nanomaterials.  However,  the 
specificity  of  this  methodology  is  directly  linked  to  the  observed  degree  of  spectral  shifting  in 
cellular  environments,  an  important  fact  to  consider  for  the  future  utilization  of  HSI.  In 
conclusion,  this  study  successfully  validated  the  emerging  HSI  technology  as  a  viable  technique 
to  track  and  monitor  GNR  fate  in  a  physiological  environment,  demonstrating  the  potential  of 
this  instrument  to  handle  a  more  complex  nano-shape  imaging  analysis. 
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Fig.  6  Summary  of  HSI  Technology  and  Work  Performed.  Gold  nanorods  were  synthesized 
in  house  with  either  and  aspect  ratio  of  2.5  or  6.  During  characterization,  the  unique  spectral 
signature  of  these  particles  was  obtained  both  in  water  and  in  growth  media.  An  in  vitro  system 
was  then  exposed  to  both  sets  of  nanorods,  and  the  rods  were  selectively  identified  through  their 
spectral  signature  using  an  advanced  hyperspectral  imaging  (HSI)  technology. 
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LIST  OF  ABBREVIATIONS  AND  NOTATIONS 


AR 

BDAC 

CTAB 

GNRs 

HSI 

NIR 

TEM 

UV-VIS 


Aspect  Ratio 

Benzyldimethylammonium  Chloride 
Cetyltrimethlyammonium  Bromide 
Gold  Nanorods 
Hyperspectral  Imaging 
Near  Infrared 

Transmission  Electron  Microscope 
Ultraviolet  and  Visible  Absorption  Spectroscopy 
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